Japanese populations of the leaf beetle, Chrysolina aurichalcea, have 2 main karyotypes, Type 31 and Type 41, which greatly differ in chromosome number and form. We examined their geographical distribution and reproductive isolation in southern Hokkaido, northern Japan. Type 41 was widely distributed in the survey area, whereas Type 31 was restricted to a narrow portion. A transect across each karyotypic habitat revealed that both karyotypes co-occurred in a ;5 km wide zone, with few hybrids or hybrid derivatives. Assessment of the fine scale distribution showed that the 2 karyotypes do not occupy separate microhabitats within the sympatric zone. Karyotype combinations of copulating pairs in the sympatric zone showed no evidence of assortative mating according to karyotype. These findings suggest that postmating isolation between the 2 karyotypes is strong, whereas premating isolation is weak. It does not agree with results from previous studies, which reported a substantial degree of both post-and premating isolation between the karyotypes. Possible causes of the discrepancy in premating isolation are discussed.
Chrysolina aurichalcea is a leaf beetle (main host plant in Japan: mugwort, Artemisia princeps), which is widely distributed in the Palearctic and Oriental regions (Kimoto and Takizawa 1994) . In Japan, this species has 2 main karyotypes (Fujiyama 1989) , previously referred to as Type 31 and Type 41 (Kitamura et al. 2008) . There are few external morphological differences between them, except for a subtle difference in male genitalia (Fujiyama 1989) . Type 31 has a chromosome number of 2n 5 32 in females and 31 in males (Figure 1a ), whereas Type 41 has 2n 5 42 in females and 41 in males (Figure 1b) . Generally, these 2 types have allopatric or parapatric distribution in Japan (Fujiyama 1989; Fujiyama et al. 1991) . Despite marked differences in chromosome number, our previous study using mitochondrial DNA did not indicate notable sequence variation between karyotypes (Kitamura et al. 2008) . The reconstructed phylogeny is polyphyletic with respect to karyotype, and shows that closely related sequences from different karyotypes occurred in several clades. Furthermore, genetic divergence between the 2 karyotypes was similar to the level of variation within karyotype. These findings suggest that rapid chromosomal changes occurred.
Chromosomal rearrangements may function as a form of postmating reproductive isolation between taxa (King 1993) . Hybrids between chromosomally different taxa often show abnormal meiosis, resulting in reduced fertility and/or low productivity (De Boer 1986; Searle 1993 ). For hybrids between taxa with different karyotypes, it is likely that the degree of gametogenesis failure or the formation of unbalanced gametes is associated with types of rearrangements, length of the rearranged regions, and other various factors (for review, see King 1993; Searle 1993) . Among the 2 karyotypes in C. aurichalcea, chromosomes are considered to be, at least partially, rearranged by tandem fusion or fission (Kitamura et al. 2008) . Chromosomal heterozygosity for tandem fusion or fission may reduce fertility to a substantial extent (White 1973; King 1993) . Indeed, Fujiyama (1989) conducted crossing experiments between C. aurichalcea karyotypes in the laboratory, using beetles from Honshu (the main island in Japan, Figure 2 ), and showed that F 1 hybrids have low fertility. He further indicated that males tend to mate with females of the same karyotype. These findings suggest that there is incomplete but strong reproductive isolation between karyotypes in both the post-and premating stages.
In a previous study, we conducted a karyotype analysis of C. aurichalcea collected throughout Japan and found that only 2 of 203 karyotyped individuals were hybrids or hybrid derivatives (Kitamura et al. 2008 ). This suggests strong reproductive isolation between the 2 karyotypes in natural populations. However, it is also possible that the rare occurrence of hybrids is due to the rarity of locations where both karyotypes occur sympatrically. Of 36 sites across Japan, only 2 in Honshu yielded both karyotypes (Kitamura et al. 2008) . No hybrids (or hybrid derivatives) were found at those 2 sites, but the sample sizes from both were very small. Therefore, it is unclear whether hybrids (or hybrid derivatives) are actually rare even in such sympatric areas.
During the same study (Kitamura et al. 2008) , we examined karyotypes of beetles from 9 sites in Hokkaido, the northern island (shown in Figure 2 ). The karyotype distribution pattern in Hokkaido differs from that in Honshu. In Honshu, Type 31 is found in lowland plains and Type 41 occurs in mountainous areas. In contrast, Type 41 is exclusive in all Hokkaido habitats, with exception of Type 31 at an urban site of Hakodate city, situated at the southernmost part of Hokkaido. That study also showed that 2 Type 41 sites (in Kikonai and Hokuto) are relatively near (;20 km) to the Type 31 Hakodate site. Therefore, the distribution of Type 31 in that region is probably restricted to a narrow area. Furthermore, we might expect a karyotype transition zone from the Type 31 Hakodate site to neighboring Type 41 regions.
Previous crossing experiments (i.e., Fujiyama 1989) showed a significant degree of reproductive isolation between the karyotypes. However, the karyotypes used in that study were respectively collected from allopatric sites. A more direct approach to accurately assess reproductive isolation would be to conduct studies at sympatric or parapatric sites. This could provide better insight into the evolution of reproductive isolation between the 2 karyotypes in natural populations.
In the present study, we conducted a fine scale examination of the karyotype distribution in southern Hokkaido. Our objective was to locate a mixed zone of Type 31 and Type 41 in the vicinity of the urban Hakodate site and to estimate the degree of reproductive isolation between the 2 karyotypes there. (Table 1, Figure 2a ,b), including samples used in a previous study (Kitamura et al. 2008) . Most beetles were sampled during the autumn, the reproductive season of C. aurichalcea. We examined the transition of karyotypes using a transect along the Kamedagawa River at approximately 1 km intervals (13 sites), with habitats ranging from urban areas to the nearby mountain slope (Figure 2b ). This allowed us to examine karyotype distribution within Hakodate city along a zone of increasing altitude.
Materials and Methods

Collection Sites
Chromosomal Preparation
For males, 126 specimens were dissected and their testes were excised for preparations. For females, excised ovaries and/or fertilized eggs were used. Approximately, 200 females were taken to the laboratory and most of which were reared individually in order to obtain fertilized eggs. For each of the 188 females inseminated in natural populations, we collected dozens of fertilized eggs from a single female and mixed them in a microtube. Each tube of eggs was considered as a single sample, though females presumably had been inseminated multiple times in natural populations (Shimizu and Fujiyama 1986) . Karyotypes of 16 females were analyzed from their ovaries. All chromosomal preparations were made according to procedures described in Kitamura et al. (2008) . After conventional Giemsa staining, all preparations were observed using a Nikon Optiphot microscope, and visible chromosomes were photographed with an attached Nikon D100 digital camera.
Observation of Karyotypes
In male samples, the chromosome complements were examined in cells of 3 cell stages: spermatogonial somatic division, metaphase of meiosis I (MI), and metaphase of meiosis II (MII). When observations of either somatic division or MII cells were available, male karyotype was determined based on the chromosome numbers and forms. In such cases, we focused on the presumed diagnostic chromosomes of Type 31 (large acrocentric, subtelocentric, and submetacentric chromosomes) and Type 41 (small multiple acrocentric chromosomes) (cf., Figure 1a ,b). For male cells in the MI stage, the expected numbers of chromosome pairs in synapsis plus that of unpaired chromosomes is 16 (15 bivalents þ 1 univalent) in Type 31 and 21 (20 bivalents þ 1 univalent) in Type 41. Therefore, when the sum (or mode value of the sum) in our observation was equal to the expected number of either type, we regarded a male as that type, though it was sometimes difficult to distinguish among univalent, bivalent, and multivalent chromosomes. In only one case (a male from site 8), an intermediate number (20 in all 2 MI cells) was counted, but we were unable to get a clear observation of the pairing state of chromosomes. Thus, this male was removed from the data.
In female samples, the chromosome complements were analyzed in somatic cells from fertilized eggs and/or oogonia. As described above for males, karyotypes were determined from chromosome numbers and forms. In embryo cells, maternal karyotype was determined by inferring the particular karyotype mating combination that could have produced the fertilized eggs. In cases where karyotypes of ''intermediate type'' (see Results) were observed in fertilized egg preparations, but somatic division could not be observed in maternal oogonial cells, we used the following 2 criteria to assign maternal karyotype. First, if the observed intermediate type was an F 1 hybrid karyotype and either a Type 31 or Type 41 karyotype was found in the same sample, we considered the maternal karyotype to be Type 31 or Type 41, respectively (N 5 2 females). Second, if embryonic cells of any post-F 1 hybrids were observed or if neither a Type 31 nor Type 41 karyotype was observed in any embryo, the female was removed from the data (N 5 4 females). These decisions were made because multiple mating occurs in this species (Shimizu and Fujiyama 1986) and there is no information on chromosome segregation in germ cell lines of hybrids or hybrid derivatives.
Categories Based on Karyotypes Observed
We divided 318 individuals from 23 sites into 5 categories according to their chromosomal configurations: ''Type 31,'' ''Type 41,'' ''intermediate types,'' ''Type 41 þ S,'' and ''Type41-or-Type41þS.'' The former 3 categories are previously described (Kitamura et al. 2008) . The 2 remaining categories are first reported in the present study (see Results for details).
Fine Scale Distribution of Co-occurring Karyotypes
To examine the possibility that both karyotypes occupy separate microhabitats according to preference (e.g., differential selection of any variation among host plants by each karyotype), we made a karyotypic distribution map for site 14. The collection was carried out on 21 October 2004, and 66 beetles were sampled. We selected this site over others because both beetles and the host plants, mugworts, were exceptionally abundant. This site is on an embankment with a gentle slope between the Kamedagawa River and a promenade. We arbitrarily defined a portion of the embankment as our census zone and recorded positions of the host plants and beetles. Mugwort coverage areas were roughly estimated as follows: first, apparent clonal assemblages in the census zone were determined visually, and each assemblage was identified as a ''patch''; second, their horizontal outlines including leaf coverage were roughly sketched on the census zone map; finally, each patch's area was calculated from the See text for karyotypic categories; N 5 sample size. a Data in these sites include those from Kitamura et al. (2008) .
b Of 7 beetles, one female oviposited eggs with the S chromosome, but the ovarian preparation from this female indicates a Type 41 karyotype.
map. Then, the census zone including a total of 114 patches was divided into thirty-nine 2 Â 2 m or one hundred and twenty 1Â 1 m quadrats, each of which includes at least a part of any one patch.
The spatial association between the 2 karyotypes was assessed by using Iwao's x index (Iwao 1977) . This index indicates the degree of overlap or exclusiveness for observed spatial distribution of 2 taxa relative to the expected spatial distribution, resulting from an independent occurrence of 2 taxa. Therefore, x . 0 shows that the 2 karyotypes occur together (overlapping distribution; maximum value is 1); x , 0 shows that they tend to occur separately (exclusive distribution; minimum value is À1); x 5 0 shows that they occur independently. Iwao's x indices were estimated at 3 levels (males, females, and all individuals) Â 3 units of blocks (the 2 quadrat sizes and mugwort patch). Using POPTOOLS (Hood 2008) , the statistical significance of the index for each unit was evaluated by performing 10 000 randomizations, in which blocks for one karyotype were invariable and those for the other were randomly permuted. Then, the sequential Bonferroni correction (Rice 1989 ) was applied for multiple tests.
Karyotype Combinations of Copulating Pairs
To assess the degree of sexual isolation between the 2 karyotypes in natural populations, we sampled 39 copulating pairs at site 14 on 13 October 2005 and attempted to determine their karyotypes. For all copulating pairs, we made certain that males had inserted an aedeagus into their female partners because males are known to occasionally mount a female without insertion (Shimizu and Fujiyama 1986) . The copulating pairs with identifiable karyotypic categories for both partners were used for analysis. We then tested whether the observed mating combinations significantly deviated from random combinations of karyotypes.
Results
Intermediate Types and Karyotypes with a Supernumerary Chromosome
Intermediate types, which have chromosome numbers between that of Type 31 and Type 41, were observed in 5 individuals from 2 sites ( Table 1 ). The 5 possessed the diagnostic chromosomes of both Type 31 and Type 41. Based on both chromosome number and forms, one, 2 and one individuals were, respectively, identified as F 1 hybrid, post-F 1 hybrid derived from backcrosses to Type 31 ( Figure 3 ) and that derived from backcrosses to Type 41. It was unclear whether the remaining individual was an F 1 or post-F 1 hybrid.
''Type 41 þ S'' and ''Type41-or-Type41þS'' are categories established from observation of a very large metacentric chromosome, which was apparently different from any other chromosome in Type 31 or Type 41. In metaphase of somatic division, it is approximately 1.5 times the size of the largest chromosome among the others (Figure 1c) . We considered this exceptionally large chromosome as a supernumerary chromosome to Type 41 and referred to it as ''S'' because these karyotypes were always similar to Type 41 with the exception of the S chromosome (Figure 1b,c) . This S chromosome was found in one male and one female, and in fertilized eggs obtained from 7 females. ''Type 41 þ S'' is a category which consists of the 2 individuals with the supernumerary chromosome, as described above. The ''Type41-or-Type41þS'' category consists of 5 females from whom we observed both ''Type 41'' and ''Type 41 þ S'' cells in their fertilized eggs, but no dividing oogonial cells. They were categorized as ''Type41-or-Type41þS'' because we could not determine whether their types were either ''Type 41'' or ''Type 41 þ S.'' Chromosome numbers observed in the Type 41 þ S category were 42 for the male and 43 for the female. In fertilized egg preparations, counts of chromosomes in somatic division with S have a mode of 42, but nearly the same frequency of cells with 43 chromosomes was also observed (data not shown). No multiples of the supernumerary chromosome were observed in any cell. Intraindividual variation in the number of supernumerary chromosomes is unclear because we could observe only 2 spermatogonial cells from the male and 3 oogonial cells from the female, though S was observed in all those cells.
Geographical Distribution of Karyotypic Categories
Type 41 was widely and predominantly distributed, whereas Type 31 was restricted within Hakodate city (Table 1, Figure  2a ,b). Our transect showed that karyotype frequency along the Kamedagawa River ranged from 100 percent Type 31 at lower sites, to mixed occurrences of both Type 31 and Type 41, to 100 percent Type 41 at higher elevation sites ( Figure 2b ). Both Type 31 and Type 41 co-occurred in an area nearly 5 km width from site 13 to 18, where environmental conditions gradually changed from suburban to wooded rural with increasing altitude. At 2 of the 6 mixed sites, we found intermediate types; these 2, sites 13 and 14, are closer to the Type 31 side of the transect.
The frequency of individuals bearing (or possibly bearing) S is very low (Table 1, Figure 2a,b) . The supernumerary chromosome was found at Type 41 sites or the mixed Type 31 and Type 41 zone within the transect.
Spatial Distribution at Site 14
Collected beetles were classified as Type 31 (N 5 44), Type 41 (N 5 7), and Type41-or-Type41þS (N 5 1), except for 14 individuals whose karyotypes could not be determined (Figure 4) . We found that both Type 31 and Type 41 individuals co-occurred in 5 patches (Figure 4 ). Iwao's indices show positive values for all 9 combinations of units and individual levels ( Table 2 ). This indicates that Type 31 and Type 41 did not occupy segregated microhabitats and there is no evidence of interkaryotype isolation resulted from any differences among mugworts.
Sexual Isolation
We obtained 24 copulating pairs in which karyotypic categories of both sexes could be determined. To focus on sexual isolation between Type 31 and Type 41, we excluded the following 3 pairs: one pair of Type 31 female with intermediate type male (post-F1 hybrid derived from backcrosses to Type 31), one pair of Type 31 female with intermediate type male (post-F1 hybrid derived from backcrosses to Type 41), and one pair of Type 41 þ S female with Type 41 male. The Fisher's Exact P value indicates that the combination of the 21 pairs shows no significant bias with respect to karyotype (Table 3) . Even if we regard Type 41 þ S as a Type 41 karyotype, the P value for those 22 pairs also shows no significant bias (Fisher's Exact test, 2-tailed; P 5 0.117). Though the lack of significant assortative mating could be due to the small sample size, 27% of all copulating pairs observed were comprised of interkaryotype couplings.
Discussion
Postmating Isolation Between Type 31 and Type 41
The transect analysis showed that there are few Type 31/41 hybrids or hybrid derivatives in even the sympatric area. Therefore, there must be strong reproductive isolation between the 2 types in natural populations. This isolation appears to occur mainly at a postmating stage and may be related to chromosomal rearrangements (Kitamura et al. 2008) . In the present study, we observed unequal sister chromatids in some MII cells from intermediate types (Figure 3 ), which may result in unbalanced gametes. Accordingly, a reduced fertility for intermediate types could be the reason for the paucity of post-F 1 hybrid individuals. As for F 1 hybrids, F 1 individuals in Hakodate were very rare (only one individual) in spite of several observations of interkaryotype copulation. This result is in contrast with an earlier laboratory crossing experiment that showed that F 1 beetles have normal viability (Fujiyama 1989 ). This discordance can be explained by the view that natural selection acts more severely in natural populations than in the laboratory (Rice and Hostert 1993) . Given that it is unclear to what extent chromosomal structural differences (i.e., chromosomal heterozygosity) affect F 1 hybrid viability, genic factors would also be responsible for the rarity of F 1 individuals. Figure 4 . Karyotype distribution map for site 14, in which an enclosed area shows the census zone. Differences in the size of mugwort patch and karyotypic categories of beetles are indicated by the size of circles and patterns of diamonds, respectively (lower boxes).
Premating Isolation Between Type 31 and Type 41
There are 3 general categories of premating isolation between animal taxa: temporal, habitat, and behavioral (sexual) isolation (Futuyma 2005) . In the present study, we found neither microhabitat separation (Table 2 ) nor bias in copulatory combinations (Table 3 ) within a sympatric area. These results suggest the lack of both habitat and sexual isolation between the 2 C. aurichalcea karyotypes. Although we did not examine whether there are differences in the timing of reproductive activity, there doesn't seem to be any strong temporal isolation between the karyotypes; we collected beetles twice at site 14 on 2004 (11 samples on 18 September and 52 samples on 21 October, respectively), and there is evidence that individuals from both karyotypes on both dates were reproductively active, based on field observations of copulation and mature females with fertilized eggs. Additionally, there is no significant difference in the proportion of both karyotypes between the 2 collections (see Table 1 ). These suggest that their reproductive activity does not greatly differ, seasonally. Thus, premating isolation between the 2 karyotypes in the natural populations studied here would be nascent.
The lack of evidence for strong assortative mating in this study conflicts with earlier reports that males prefer to mate with females of the same karyotype (Fujiyama 1989 (Fujiyama , 1997 . This discrepancy may be due to 2 differences between past and present studies: experimental design and origin of beetles used. Our study examined mate preference under natural conditions, whereas the 2 prior studies were laboratory based. For some studies using Drosophila, the degree of sexual isolation in the laboratory often varies, depending on environmental conditions and fly's experiences (Spieth and Ringo 1983; Brazner and Etges 1993; Kim and Ehrman 1999) .
Similarly, in C. aurichalcea, various differences between the laboratory and natural conditions, including not only external environment but also a beetle's experience of interkaryotype contact, may be responsible for the discrepancy between the previous and the present studies. An additional difference in experimental design is mate preference perspective; the previous studies tested mate preference from only a male perspective, whereas observations in the present study allowed both sexes to exert any mate preferences they may have under natural conditions.
Endogenous differences in beetles collected from different localities may be also a cause of the inconsistency between previous and present studies. The previous experiments used beetles from Matsumoto (and the vicinity) in Nagano prefecture (central Honshu, see Figure 2 ), whereas the present study's beetles were from Hakodate, approximately 650 km away on the island of Hokkaido, separated by the Tsugaru Strait. Although our previous study showed no substantial divergence in mitochondrial DNA sequence among regional populations (Kitamura et al. 2008) , it does not rule out the possibility that divergent genetic factors are responsible for differences in mate preference behaviors between the Matsumoto and Hakodate populations. With the assumption that differentiation of genetic factors underlying sexual isolation exists between those populations, we can propose a mechanism which may accounts for the geographic pattern of sexual isolation, based on possible 3 processes. First, to our knowledge, Type 31 in Hokkaido is restricted to a very narrow area, the lowlands of Hakodate city (Kitamura et al. 2008 ; this study). Though the origin of the localized distribution of Type 31 is unclear, one possible explanation for this geographic pattern is that Type 31 is a recent migrant to Hakodate from a region other than Hokkaido. This might have occurred through human activities because Hakodate is historically a busy seaport for both domestic and foreign trade (Shirayama et al. 1980 ). Second, if such an introduction is true, Type 31 beetles may have migrated into and begun interacting with the resident Type 41 populations. Consequently, the length of time these karyotypes have been in contact in Hakodate is likely very short, compared with the relatively long time frame in Matsumoto. Third, natural selection would act against hybrids. As a result, traits associated with sexual isolation may have been favored in contact zones, resulting in the enhancement of sympatric premating isolation via selection against hybrids, a so-called ''Reinforcement'' (Saetre et al. 1997; Hoskin et al. 2005 ; for review, see Howard 1993; Servedio and Noor 2003; Coyne and Orr 2004) . Hence, in Matsumoto, strong sexual isolation has occurred because the historical period of interaction may be substantial, whereas, in Hakodate, insufficient time may have passed for this sexual isolation to have evolved. However, this is a very speculative hypothesis. To assess the plausibility of these arguments, local population history should be clarified, and the sexual isolation between the 2 karyotypes in different localities should be investigated under both laboratory and natural conditions. Further investigation in other contact sites would make great progress in entire understanding evolution of reproductive isolation between the karyotypes. 
Supernumerary Chromosome
The present study also showed the occurrence of an exceptionally large chromosome in individuals from a relatively wide area in southern Hokkaido, but at very low frequency. Such a chromosome has never been found in northern and central Hokkaido (Kitamura et al. 2008) and is presumably localized to some portions of southern Hokkaido. The remarkably large chromosome would be supernumerary in Type 41. However, it is unclear whether it is B chromosome, which is established within populations (Jones and Rees 1982; Camacho et al. 2000) , or simply an extra chromosome, which spontaneously occurs, but is removed immediately from the population, such as human supernumerary chromosomes (Fuster et al. 2004 ). To answer this question and assess its origin, it is necessary to examine the sequence of supernumerary chromosome. Our previous study suggests that rapid chromosomal changes occurred between the 2 karyotypes (Kitamura et al. 2008) . This suggests that there may not be any strong selection against the generation of new karyotypes in C. aurichalcea, though how and where the karyotypic divergence occurred is unknown. The discovery of the supernumerary chromosome also supports the idea that this species may have a propensity to allow chromosomal mutants to remain in populations. 
